We have employed time-resolved X-ray diffraction with picosecond temporal resolution to measure the timedependent rocking curves of laser-irradiated asymmetrically cut single InSb crystals. Coherent acoustic phonons were excited in the crystals by irradiation with 800-nm, 100-fs laser pulses at irradiances between 0.25 and 12 mJ/cm 2 . The induced time-dependent strain profiles (corresponding to the coherent phonons) were monitored by diffracting collimated, monochromatic pulses of X-rays from the irradiated crystals. Recording of the diffracted radiation with a fast low-jitter X-ray streak camera resulted in an overall temporal resolution of better than 2 ps. The strain associated with the coherent phonons modifies the rocking curve of the crystal in a time-dependent manner, and the rocking curve is recorded by keeping the angle of incidence of the X-rays upon the crystal fixed, but varying the energy of the incident X-rays around a central energy of 8.453 keV (corresponding to the peak of the rocking curve of the unperturbed crystal). The observed time-dependent diffraction from the irradiated crystals is in reasonable agreement with simulations over a wide range of energies from the unperturbed rocking-curve peak.
Introduction
Over the past few years, significant progress has been made in the development of novel X-ray sources and detectors that provide temporal resolution in the picosecond or sub-picosecond domain. Several methods of such production and detection have been demonstrated. X-ray pulses of K α radiation with durations of a few hundred femtoseconds can be produced by laser irradiation of materials at high (≥ 10 16 W/cm 2 ) intensities [1, 2] . Pulses of similar duration have been produced by Thomson scattering of femtosecond laser pulses from individual bunches of electrons within an accelerator. More recently it has been suggested by Schoenlein ✉ E-mail: Jorgen.Larsson@fysik.Lth.se et al. [3] that such X-ray pulses may also be produced by chopping a femtosecond section of electrons out of the standard electron bunch in a third-generation synchrotron. Evidence demonstrating the feasibility of this novel idea has been obtained in the infrared region of the spectrum. In addition to the methods cited above, it is also possible to obtain picosecond resolution at present third-generation synchrotron sources by employing X-ray streak cameras that are synchronized to better than a picosecond with the laser that pumps the sample. The laser in turn is synchronized to the electron bunches circulating within the synchrotron to about 10 ps. This method, which we employ in the work presented here and describe in more detail in Sect. 3 has now been implemented at a number of synchrotron sources.
The availability of such temporal resolution in the X-ray region of the spectrum has led to several novel time-resolved X-ray-diffraction experiments. In particular, the diffraction of X-rays from crystals within which coherent phonons have been generated by irradiation with a femtosecond time scale laser pulse has attracted considerable interest. In these experiments, a single-crystal semiconductor is irradiated with a laser pulse with a pulse length of the order of 100 fs. The laser energy is absorbed by the electrons, exciting them across the band gap, and further heating them. The electron energy is rapidly transferred to the lattice via the generation of longitudinal optical phonons, and finally acoustic phonons, on time scales that are typically of the order of a few picoseconds. The resultant heating of the lattice is thus generally so rapid that it occurs isochorically -i.e. the penetration depth of the heating laser is such that the lattice heating is rapid compared with the penetration depth divided by the sound speed within the crystal. The resultant stress within the crystal is then relieved by expansion of the crystal, starting from the surface. By conservation of momentum, a compression wave is also launched into the crystal. Analytic solutions for this resultant strain profile exist under the assumption of instantaneous heating of the lattice, an exponential decay in initial stress (due to the exponential fall-off in absorbed laser energy), and neglecting phonon dispersion. This time-dependent strain profile can be thought of as a spectrum of coherent phonons, with wave vectors approximately centered about the inverse of the penetration depth of the heating laser beam. Such picosecond ultrasonic pulses have been studied for many years in a variety of materials by observing the resultant changes in the optical properties (e.g. reflectivity) of the crystal due to the propagating strain profile -for example see the review article by Maris [4] . Picosecond X-ray diffraction offers a complementary method to observe such coherent phonons, and may prove to have significant advantages over optical techniques in terms of a more direct method for deducing the strain profiles present within the irradiated crystals, as well as being useful for studying such strain pulses in opaque crystals. The first experiments in this area were performed with laser-plasma-generated K α radiation as the X-ray probe [2] . Whilst gross features in the diffraction pattern corresponding to the strained lattice were observed, the finite bandwidth and relatively low intensity of the source prevented the direct observation of the oscillations in the diffracted X-rays that are associated with diffraction from high-frequency phonons. In contrast, experiments performed with the Advanced Light Source (ALS) synchrotron at the Lawrence Berkeley Laboratory produced direct evidence of such effects. Furthermore, in these experiments it was deduced that good agreement between the observed and computed rocking curves could only be found if a finite electron-phonon coupling time was invoked, resulting in a smoother transition from regions of expansion and compression within the strained crystal.
In this paper we present results of picosecond X-raydiffraction studies of coherent phonons in InSb. The experiments were performed at the European Radiation Synchrotron Facility, and differ from the above-mentioned ALS studies in several ways. Firstly, the energy of the diffracting X-rays was considerably higher -centered around 8.453 keV (in contrast to 4.8 keV used in the ALS experiments). Secondly, and as discussed in more detail below, the diffraction geometry employed was markedly different, resulting in a significant reduction in the effects of the finite bandwidth of the source, and allowing a clearer observation of the oscillations that the coherent phonons impose upon the diffracted X-rays. Thirdly, the loss of oscillations seen in the ALS experiment was at the damage point. In this paper we perform the experiment at much lower fluence and demonstrate that the only dephasing seen under these conditions are due to the finite bandwidth. Finally, data on the time-dependent reflectivity of the crystal was collected over a large number and wide range of X-ray energies away from the central energy (which corresponded to the peak of the rocking curve for an unperturbed crystal). Such a range of data provides the opportunity for detailed comparison with simulations.
The paper is laid out in the following manner. Before discussing the experiments, we outline the form of the results expected by considering the theory of dynamical diffraction from high-frequency coherent phonons propagating along the surface normal of a perfect crystal. Diffraction from asymmetrically cut crystals (where the reciprocal lattice vector of the diffracting plane is not parallel to the surface normal of the crystal) is discussed -in particular the advantages of using an asymmetrically cut crystal such that the X-rays are incident upon the surface of the crystal at grazing angles. The experimental results are then presented, before a comparison between them and the simulations based on dynamical diffraction theory. We conclude with a discussion of the results, and ideas for further work.
